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Abstract
Atmospheric blocks strongly influence surface weather, including extremes such
as heat waves and cold spells. Recently, diabatic heating and associated upper-
tropospheric potential vorticity (PV) modification have been identified as impor-
tant modulators of atmospheric blocking dynamics. Also, robust links between
atmospheric blocks and proximate heavy precipitation events have been
established. This leads to the question of the extent to which diabatic heating
associated with heavy precipitation events influences Northern Hemisphere
blocking. This study uses 5 years of 3-day back trajectories started from objec-
tively identified blocks in the ERA-Interim dataset to investigate this relationship.
A substantial fraction of air parcels in blocks pass through heavy precipitation
areas. The exact fraction depends on the choice of heavy precipitation threshold.
Roughly 19% of all the trajectories in a block pass a heavy precipitation area
(>95th percentile) area while being saturated. Of the air parcels in a block that
are heated at least 5 K, 60% pass a heavy precipitation area while saturated. This
fraction varies with the season and geographical area. The overall fraction is low-
est in summer and highest in winter, higher over oceans than over land, and
higher over the Pacific than over the Atlantic. In summer, heating is relevant
over the continents and heating over North America influences blocks over the
eastern Atlantic. For summer blocks in the North Atlantic and over Scandinavia,
heating happens partly over the European continent.
KEYWORD S
atmospheric blocks, diabatic heating, heavy precipitation, PV modification by latent heating,
trajectories
1 | INTRODUCTION
Atmospheric blocks interrupt the prevailing westerlies in
the upper troposphere of the mid-latitudes. At upper
levels, blocks typically consist of stationary negative
potential vorticity (PV) anomalies (Illari, 1984; Schwierz
et al., 2004) that can be accompanied by one or more
positive PV anomalies at their equatorward flanks. The
flow around the block is often characterized by strong
high-frequency variability (e.g., Woollings et al., 2018).
With a typical lifetime of a week or longer, blocks
strongly impact regional weather on (sub-)seasonal time
scales and are conducive to various weather extremes
such as heat waves, droughts, cold spells, and floods
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(e.g., Buehler et al., 2011; Sillmann et al., 2011; Sousa
et al., 2017; Lenggenhager et al., 2019; Lenggenhager and
Martius, 2019). Blocking modulates the occurrence of
heavy precipitation events with increased frequencies of
heavy precipitation upstream and partly also downstream
of blocks (Lenggenhager and Martius, 2019) by altering
the tracks of extratropical cyclones (Rex, 1950). A
detailed case study of a flood event in Switzerland points
to a potential two-way interaction between blocks and
heavy precipitation events, where the latent heat release
associated with heavy precipitation strengthens the
upper-level negative PV anomaly of the block.
Negative upper-tropospheric PV anomalies can be gener-
ated by isentropic advection of low-PV air from regions with
climatologically lower PV (i.e., from regions closer to the
equator), by diabatic transport across isentropes from the
lower troposphere (e.g., Hoskins et al., 1985; Joos andWernli,
2012; Madonna et al., 2014b; Methven, 2015) or by upper-
level diabatic processes related to radiative heating (Gray
et al., 2014). PV advection is associated with synoptic-scale
eddies and planetary-scale waves interacting to advect low
PV into the block and with Rossby wave-breaking (Shutts,
1983; Hoskins et al., 1985; Nakamura et al., 1997; Altenhoff
et al., 2008; Yamazaki and Itoh, 2013; Nakamura and Huang,
2017, 2018). PV advection is modulated by mid-tropospheric
heating that forces upper-level irrotational winds (Grams and
Archambault, 2016; Teubler and Riemer, 2016; Schneidereit
et al., 2017; Baumgart et al., 2018).
The role of diabatic heating as a source of tropopause-
level low PV (e.g., Madonna et al., 2014b; Methven, 2015)
and its role in block formation has recently been recog-
nized (e.g., Pfahl et al., 2015; Steinfeld and Pfahl, 2019).
A climatological study of warm conveyor belts in the
ERA-Interim dataset revealed significant negative PV
anomalies (typically between −1 and −3 PVU) in the out-
flow region of warm conveyor belts in the upper tropo-
sphere. The study's authors, (Madonna et al., 2014b),
attributed these anomalies to diabatic heating through
cloud formation and precipitation during the ascent of
air. These diabatically induced low PV air masses and
low PV advection by irrotational winds at upper levels
can have a substantial impact on the downstream devel-
opment of the mid-latitude Rossby waveguide
(e.g., Grams et al., 2011; Chagnon et al., 2013; Gray et al.,
2014). Typically, the warm conveyor belt outflow, that is,
the low-PV air, leads to an amplification of the down-
stream ridge and often to the formation of PV streamers
through Rossby wave-breaking (Massacand et al., 2001;
Madonna et al. 2014a). Both a strong ridge and the for-
mation of PV streamers are regularly associated with the
formation of blocks (e.g., Altenhoff et al., 2008). In addi-
tion, dynamically driven ascent associated with wave-
breaking upstream of a block supports the formation of
precipitation and thus latent heat release. Indeed, latent
heat release and associated upper-level PV modification
was found to be important for blocks (Croci-Maspoli and
Davies, 2009; Pfahl et al., 2015; Steinfeld and Pfahl,
2019). A climatology of backward trajectories started
from low-PV anomalies in blocks shows that a total of
30–45% of the air in the blocks was diabatically heated in
the days before its arrival in the block (Pfahl et al., 2015;
Steinfeld and Pfahl, 2019). A more detailed analysis
shows that the enhanced divergent outflow above dia-
batic heating at the western flank of the block is particu-
larly important for the stationarity of the blocks
(Steinfeld and Pfahl, 2019).
In a case study, Lenggenhager et al. (2019) showed that
air parcels that are heated during heavy precipitation events
can support the formation and maintenance of downstream
blocks. The aim of this paper is to further quantify the link
between heavy precipitation, diabatic heating, and blocks.
A strong link between heavy precipitation and blocks might
be present for several reasons. First, diabatic heating in
warm conveyor belts is linked to block formation. Warm
conveyor belts, in turn, are strongly linked to heavy precipi-
tation (Pfahl et al., 2014). In the storm track regions, warm
conveyor belts drive more than 80% of 6-hourly extreme
precipitation events (Pfahl et al., 2014). Second, diabatic
heating rates are directly related to the amount of moisture
that undergoes phase transitions (Joos and Wernli, 2012),
so heavy precipitation is expected to be related to strong dia-
batic heating. This leads to the central question of this
paper; namely, how frequently do air parcels that end up in
blocks pass through areas of heavy precipitation prior to
their arrival in the block?
Here, we extend the Lenggenhager et al. (2019) case
study to a 5-year time period and systematically analyse
the link between heavy precipitation and blocks. Specifi-
cally, we (a) quantify the fraction of air in Northern
Hemispheric blocks that was strongly diabatically heated
and passed over heavy precipitation areas and
(b) investigate the seasonality and heating locations of
diabatically heated air masses in blocks associated with
heavy precipitation. In Section 2, the data, trajectory cal-
culations, and analysis methods are introduced. The
results are then presented (Section 3) and discussed
(Section 4). A short summary of the main findings is
presented in Section 5.
2 | DATA AND METHODS
2.1 | Reanalysis data
The ERA-Interim reanalysis dataset by the European Cen-
ter for Medium Range Weather Forecast (ECMWF) (Dee
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et al., 2011) for the period from 1979 to 2015 is used for all
analyses. The data are interpolated onto a 1× 1
longitude–latitude grid and is available at a temporal reso-
lution of 6 hours. The meteorological parameters are avail-
able on 60 hybrid σ-pressure levels. As a measure for
precipitation, the total daily precipitation is used, that is,
the sum of snowfall, convective, and stratiform precipita-
tion from 21 UTC the day before to 21 UTC. Extreme pre-
cipitation is defined as daily precipitation exceeding the
local 95th percentile of the all-year daily precipitation
accumulations, including dry days, between 1979 and
2015 (Figure 1). The local 95th percentile varies between
less than 5 mm in the area of the subtropical high-
pressure systems and over the Sahara to more than
25 mm over the western Pacific (Figure 1 and S1). There
is also a strong seasonality in the occurrence of daily precip-
itation exceeding the local 95th percentile (Figure 1) that is
partly due to the number of dry days per season. In winter
(DJF), many extreme precipitation events occur over the
eastern Pacific and the eastern Mediterranean. In spring
(MAM), precipitation extremes are generally less frequent
in the extra-tropics except over northern North America. In
summer (JJA), precipitation extremes are frequent over
Central and Eastern Europe, North Asia, and northern
North America. In autumn (SON), extremes are frequent
over the Pacific and the eastern Atlantic.
FIGURE 1 Seasonal distribution of daily precipitation events above the local all-year 95th precipitation percentile [%] (color shading).
The values add up to 100% across the four seasons at every grid point. The solid black lines indicate the blocking frequency (in steps of 2%);
the shaded areas indicate regions with a 95th yearly percentile of daily precipitation accumulation of less than 5 mm. The red boxes show
the six different regions that were used in the analyses. Area mean 95th percentile values are PAW 10.1 mm, PAE 11.2 mm, NAM 9.2 mm,
ATL 13 mm, EUR 9.2 mm, RUS 7.2 mm
LENGGENHAGER AND MARTIUS 3
2.2 | Atmospheric blocking, cyclone
identification, and trajectory calculation
Following Schwierz et al. (2004) and Rohrer et al. (2018),
atmospheric blocks are defined here as quasi-stationary
upper tropospheric negative potential vorticity (PV) anom-
alies. Vertically averaged (500–150 hPa) 6-hourly PV anom-
aly fields were calculated with respect to the climatological
30-day running mean (1979–2015) and then smoothed with
a 2-day running mean. All negative anomalies below a
threshold of −1.3 PVU, with a persistence of 5 days or
more, and a spatial overlap of at least 70% between adja-
cent time steps are identified as blocks. This results in
binary fields of blocking presence or absence for every grid
point and 6-hourly time step. From these binary fields, cli-
matological blocking frequencies are computed, that is, the
number of blocked time steps is divided by the total num-
ber of time steps. There is a strong seasonal cycle in the fre-
quency of block occurrence (Figure 1). Blocks are the most
frequent in DJF, with distinct spatial frequency maxima of
10–12% south of Greenland and over the east Pacific.
Blocking frequencies are lowest in JJA. This seasonal cycle
is partially due to the anomaly-based detection method. In
summer the dynamical tropopause is higher and a very
low PV anomaly is more difficult to achieve (Attinger et al.,
2019). However, a similar seasonal cycle is also found in
blocking climatologies that are based on gradient reversal
detection methods (Masato et al., 2013).
Cyclones were identified using the automated detec-
tion method of Wernli et al. (2006) and Sprenger
et al. (2017). This method results in binary fields of
cyclone presence or absence for every grid point and
6-hourly time step of the ERA-Interim dataset. From
these fields, seasonal cyclone frequencies were calculated
in a manner analogous to the calculation of blocking
frequencies.
All Northern Hemisphere blocks occurring in the
years 2000–2004 were used as starting areas for 3-day
back-trajectories. The trajectories were started every
6 hours from each latitude-longitude grid point in the
blocks at five pressure levels (475, 400, 325, 250, and
175 hPa). Starting points with PV values of more than
2 PVU were removed from the analysis to exclude strato-
spheric air. A total of more than 27 million trajectories
were calculated. The 3-day back-trajectories were calcu-
lated using the LAGRANTO2.0 tool (Wernli and Davies,
1997; Sprenger and Wernli, 2015). For every 6 hours
between 0 and 72 hours, the position as well as several
meteorological parameters (relative humidity, PV, poten-
tial temperature, total precipitation at the ground, and
extreme precipitation at the ground) were traced along
the trajectories. The number of trajectories per time step
varies strongly over time, with a minimum value of 0 for
time steps without blocks and a maximum value of
20160. To account for the latitudinal dependence of the
grid cell area, the trajectories were weighted by the
cosine of the latitude at the starting location.
2.3 | Trajectory selection and heating
frequency
From all back-trajectories, those that were diabatically
heated were selected as follows: air parcels undergoing a dia-
batic heating of more than 2 K (5 K) between the maximum
potential temperature and the minimum at any earlier time
step were labeled as moderately (strongly) diabatically
heated following Pfahl et al. (2015). Note that the 5 K
heating is weaker than the heating typically experienced by
warm conveyor belt trajectories (Madonna et al., 2014b).
To link diabatic heating to extreme precipitation, we
followed the method of Lenggenhager et al. (2018). Air
parcels passing over regions with extreme precipitation
(daily precipitation above the local 95th all-year percen-
tile) are assumed to be associated with precipitation at
the ground if they are at least 80% saturated. A comparison
with local diabatic heating rates and a visual investigation
of the trajectories have shown that this threshold selects
trajectories undergoing diabatic heating in the heavy pre-
cipitation area reasonably well (Lenggenhager et al., 2019).
The trajectories are split into six geographical regions of
60 longitude each according to their starting grid point
(see Figure 1). The regions are the eastern Pacific (PAE;
180 W–120 W), North America (NAM; 120 W–60 W),
the North Atlantic (ATL; 60 W–0 E), Europe (EUR; 0
E–60 E), Russia (RUS; 60 E–120 E), and the western
Pacific (PAW; 120 E–180 E).
To identify the regions along the trajectories where
diabatic heating is linked to heavy precipitation, 6-hourly
binary gridded masks were created. Every grid point
where a strongly heated backward trajectory (started
from a block) passed heavy precipitation while being
almost saturated (>80%) was recorded. Then, the mean
of all time steps was calculated. This product is referred
to as heavy precipitation-linked heating frequency.
3 | RESULTS AND DISCUSSION
3.1 | Fraction of diabatically heated air
parcels in blocks
On average, 44% of all the trajectories were moderately
heated (>2 K; not shown) in the 72 hours before they
reached the block; 26% were strongly heated (>5 K;
Figure 2a). This is in good agreement with the results of
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Pfahl et al. (2015; 46% moderately heated in a 21-year cli-
matology), Lenggenhager et al. (2018; 39% for October
2000), and Steinfeld and Pfahl (2019; 45% in a 38-year
period). However, the fractions are highly variable in time.
For individual time steps, the first and third quartiles of
the fraction of trajectories that are moderately diabatically
heated correspond to 30 and 56%, respectively
(in accordance with Steinfeld and Pfahl, 2019, who found
33 and 55%). The first and third quartiles for the fraction of
strongly diabatically heated air parcels correspond to
14 and 35%, respectively. A seasonal cycle is present in the
fraction of diabatically heated trajectories. The median frac-
tion of strongly heated air parcels is lowest in MAM and
JJA (both 23%), slightly but significantly higher in SON
(25%), and highest in DJF (27%) (Figure 2a).
The fraction of strongly heated air parcels also varies geo-
graphically (Figure 2b). In the European and Russian sectors
(0 E–60 E and 60 E–120 E), the fraction of strongly
diabatically heated air parcels is the smallest, with a median
value of approximately 12%. In the American, Atlantic, and
western Pacific sectors (120 W–60 W, 60 W–0 E, and 120
E–180 E), the median values are significantly higher and lie
between 21 and 26%. The highest median value of 27% is
found over the eastern Pacific sector (180 W–120W). These
results are in good agreement with those of Steinfeld and
Pfahl (2019), who found moderately heated air parcels to be
more prevalent over the oceans than over the continents.
3.2 | The role of heavy precipitation
events in the diabatic heating of air parcels
in blocks
Next, we link the strongly heated air parcels to heavy pre-
cipitation. Of all the trajectories that end in a block 19% pass
a heavy precipitation area while being saturated. However,
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FIGURE 2 Seasonal (a, c) and regional (b, d) distribution of the fraction of strongly diabatically heated air (>5 K) arriving in the blocks
(a, b) and the fraction of this strongly diabatically heated air that was associated with heavy precipitation above the 95th percentile (c, d).
The median is indicated by the bold line. The notches of the boxplots around the median indicate the approximate 95% confidence interval
for the median estimate calculated as m ± 1.58 × (interquartile range)/√sample (Krzywinski and Altman, 2014). If the notches of two boxes
do not overlap, the medians differ significantly. The boxes indicate the interquartile range. The upper (lower) whiskers show either the third
(first) quartile plus (minus) 1.5 times the interquartile range or the maximum value of the data if the latter is below this value. The lower
whiskers show the first quartile minus 1.5 times the interquartile range or the maximum (minimum) value in the data if the latter is above
this value. The smaller (larger) of the two values is shown
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because we use a percentile-based definition of heavy pre-
cipitation the amount of precipitation varies regionally
(Figure 1) and so does the associated heating. We therefore
analyze which portion of the strongly heated air parcels
pass through regions with heavy precipitation while being
saturated. To answer this question, the fraction of air par-
cels that are heated in heavy precipitation regions and the
total number of strongly diabatically heated air parcels are
determined. On average, 54% of the strongly heated trajec-
tories are associated with heavy precipitation.
The fraction of strongly diabatically heated air parcels that
are associated with heavy precipitation events (Figure 2d) is
more evenly distributed over the Northern Hemisphere than
the fraction of all the strongly diabatically heated air
(Figure 2b). Significant spatial differences are found only
between the Pacific basin and the rest of the Northern Hemi-
sphere. Between 120 W and 120 E, the median values lie
between 46 and 48%. A significantly higher fraction is found
over the Pacific, with a median of 52% over the western
Pacific and a median of 56% over the eastern Pacific.
The fraction of all heated air parcels associated with
heavy precipitation shows a pronounced seasonal cycle
(Figure 2c). The highest median percentage of air parcels
associated with daily precipitation above the 95th percen-
tile is found in autumn (SON; 59%), followed by winter
(DJF; 55%), spring (MAM; 48%), and summer (JJA; 42%).
These fractions differ significantly from each other for all
seasons (see notches in Figure 2c); the values of the upper
quartiles also differ substantially between summer and
autumn (Figure 2c). The seasonal cycle is generally less
pronounced over the oceans than over the continents
(Figure 3). Maximum values occur over the Pacific and the
Atlantic in autumn (Figure 3a,c,f) and over North America,
Europe, and Russia in winter. Over the North American
(Figure 3b) and European (Figure 3d) sectors, there is a
pronounced minimum in summer that is not present over
the Pacific. The seasonal cycle is the most pronounced over
the Russian sector (Figure 3e), with low values in spring
and summer and very high values in fall and winter.
3.3 | Geographical location of heating
related to heavy precipitation events
The geographic locations of air parcels that end up in
blocks that are heated in areas of heavy precipitation,
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FIGURE 3 Seasonal distribution of the fraction of strongly diabatically heated air in the block, that was associated with heavy
precipitation (>95th daily all-year percentile) for trajectories started in blocks in (a) the eastern Pacific (180 W–120 W), (b) North America
(120 W–60 W), (c) Atlantic (60 W–0 E), (d) Europe (0 E–60 E), (e) Russia (60 E–120 E), and (f) western Pacific (120 E–180 E)
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that is, where they are quasi-saturated, are illustrated in
Figure 4. We show seasonal frequency, that is, the num-
ber of “heating” time steps divided by the overall number
of time steps. The seasonal frequency of blocking is over-
laid for orientation. The main regions where the strongly
diabatically heated air parcels pass heavy precipitation
areas are located over the North Atlantic and the Pacific
(Figure 4). The maxima in the frequency of diabatically
heated air parcels that end in blocks are located over the
Pacific and the North Atlantic basin and are roughly
colocated with parts of the storm tracks (approximated
here by maxima in the cyclone frequency, see Figure 4).
Over the Pacific, the percentage is highest over the west
Pacific in MAM and JJA compared to SON and DJF,
when a higher percentage is also present over the east
Pacific. Over the North American continent, high per-
centage values are predominantly located in the eastern
half of the storm tracks.
There are also strong seasonal variations in the distri-
bution of the heating locations (Figure 4). In MAM
(Figure 4a), the overall distribution of the heating fre-
quencies is close to the annual mean frequencies (not
shown). There is a strong maximum of up to 6% over the
western Pacific region. Local values over the Eurasian
continent are higher than the annual average and higher
than at the same location in winter. In JJA (Figure 4b),
the percentage values are generally much lower than in
the other seasons, except for the Eurasian continent
FIGURE 4 Seasonal fraction of 6-hourly time steps where strongly heated trajectories started from blocks were quasi-saturated and
associated with daily precipitation above the 95th percentile (color shading, %). Note that values above 5% are possible due to the uneven
seasonal distribution of days with precipitation above the 95th percentile (Figure 1) and that one trajectory may be counted multiple times.
The location of heating associated with heavy precipitation is shown for (a) spring (MAM), (b) summer (JJA), (c) autumn (SON), and
(d) winter (DJF). The solid black lines indicate the climatological cyclone frequency in 5% steps starting at 5%
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where the highest frequencies of all seasons are found
(up to 4%). In SON (Figure 4c), the highest frequencies
are over the Pacific, eastern North America (highest fre-
quencies of all seasons), and the western North Atlantic.
In DJF (Figure 4d), the frequency maxima are over the
Pacific, along the west coast of North America, and over
the North Atlantic, where the highest frequency of all
seasons are found with local maxima of 6%.
It is not straightforward to link the spatial patterns in
Figure 4 to specific blocking regions, that is, to identify
where trajectories that end up in a specific block were
heated. We therefore illustrate this link for two regions in
more detail by selecting all trajectories started from
blocked grid points over the east Atlantic and Scandina-
via (Figure 5; black boxes). The blocking frequency is
higher in winter than in summer and higher over the
central Atlantic than over Scandinavia. This seasonal
difference in blocking frequency influences the absolute
frequency values shown in Figure 5. This study therefore
focuses on the comparison of the spatial patterns. For tra-
jectories ending up in the central Atlantic blocks in sum-
mer, saturated air passes heavy precipitation areas
primarily over the North American continent and over
the western Atlantic, but also over Europe (upstream of
the blocks; Figure 5a). In winter, the areas where the tra-
jectories pass through heavy precipitation areas are
located primarily over the western and central Atlantic
(upstream and south of the blocks), the southeastern US,
and the western Pacific (Figure 5c). The highest integral
heating frequencies linked to local extreme precipitation
are located approximately 30 upstream of the blocks.
For trajectories ending up in the Scandinavian blocks in
summer, saturated air passes local heavy precipitation
areas primarily over the European continent and the
FIGURE 5 The same as Figure 4 but only for trajectories starting over the Central North Atlantic (a, c) and Europe (b, d) in summer
(a, b) and winter (c, d)
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north Atlantic. In winter, the areas where the trajectories
pass through local heavy precipitation are located pri-
marily over the central and eastern Atlantic. In addition,
some trajectories pass through local heavy precipitation
areas over the Mediterranean. The highest precipitation-
linked heating densities are located roughly 60 upstream
of the blocking area center.
4 | DISCUSSION
The spatial and seasonal variability in the fraction of
diabatically heated trajectories and the fraction of heated
trajectories that pass over heavy precipitation areas when
saturated is strongly linked to the seasonality of both blocks
and heavy precipitation events. Remember that all trajecto-
ries were started from blocks and are hence contingent on
variations in seasonal blocking frequency. Generally,
diabatically heated trajectories with heavy precipitation are
strongly linked to the seasonality of the heavy precipitation
events (compare Figures 1 and 4). Exceptions are the areas
over the eastern US south of 40N in autumn and the east-
ern Pacific in summer, where a relatively low percentage
(20–30% and 10–30%, respectively) of heavy precipitation
events influences blocks very efficiently.
The fraction of heated trajectories that pass through
heavy precipitation shows a stronger seasonal cycle than
the percentage of strongly heated air (Figure 2a,c). In
winter, the frequency maxima are over the North Atlan-
tic (Figure 4). This in contrast to all diabatically heated
trajectories that are equally frequent over the North
Atlantic and the Pacific (Pfahl et al., 2015).
The summer minimum in the link between heavy
precipitation and strongly heated trajectories that reach
blocks over the Atlantic and the continents (Figures 2c
and 3) deserves some discussion since Pfahl et al. (2015)
found more diabatically heated trajectories over the con-
tinents in summer than in winter (Figure 2a). In sum-
mer, the percentage of heavy precipitation events is high
over northern North America, Europe, and eastern Asia
and low over the Atlantic and Pacific (Figure 1). The
summer minimum can hence be explained with two dif-
ferent hypotheses. First, if extreme precipitation in sum-
mer is generally more intensive, then precipitation events
below the local 95th percentile are not captured with our
methodology. However, these are still strong precipita-
tion events and might therefore contribute strongly to
diabatic PV modification. Second, if precipitation is gen-
erally weaker in summer, then the associated latent heat
release is weaker and air parcels might not reach the
upper troposphere and hence the blocks. The magnitude
of the extreme precipitation, the seasonal distribution of
precipitation extremes, and the locations where
trajectories pass through heavy precipitation (Figures S1
and 4) do not confirm the first hypothesis but are com-
patible with the second. In addition, convective precipita-
tion events in summer might be of shorter duration and
higher intensity and therefore not captured by the 1-day
accumulation extremes or not be resolved by the
reanalysis data set.
The frequency maximum of heated trajectories that
pass heavy precipitation areas over eastern North Amer-
ica in autumn could be partially linked to tropical
cyclones undergoing extratropical transition (ET). The
formation of strong ridges (blocks) downstream of ET
cases is well documented (e.g., Grams et al., 2011; Keller
et al., 2019; Pohorsky et al., 2019). The frequency maxi-
mum in winter could be partially linked to lee cyclones
forming in this area (Wernli et al., 2006; Plante et al.,
2015; Schultz et al., 2018; Bentley et al., 2019) and severe
winter storms (e.g., Schultz et al., 2018; Bentley et al.,
2019). Both the western Atlantic and the Scandinavian
blocks contain low-PV air that passed heavy precipitation
areas to the south or even to the east of the blocking sec-
tors. This is partly related to the variability of the blocking
location within the sectors. Since only the grid point from
which the trajectory is started needs to be located inside
the sector, blocks may extend upstream of the sectors.
Omega blocks are associated with wave breaking and/or
cut-off lows upstream and downstream of the blocking
anticyclone (e.g., Altenhoff et al., 2008; Woollings et al.,
2018). Thus, low PV air could also potentially enter blocks
from upstream within the cyclonic circulation of a cut-off
low located at the southeastern edge of a block. This
hypothesis needs to be confirmed in further analyses.
The high contribution of heavy precipitation over
land to the total number of strongly heated trajectories
that pass over heavy precipitation events during the
summer months (Figure 4b) is in accordance with the
results of Steinfeld and Pfahl (2019), who found a high
contribution of latent heating to summer blocks over
Eurasia. This might point to a potentially indirect role
of soil moisture in the formation of summer blocks via
diabatic processes. That is, moisture that evaporates
over land may contribute to heavy precipitation
(Martius et al., 2013; Winschall et al., 2014) and hence
to diabatic heating. This link could be explored further
in the future.
A detailed evaluation of the processes that link heavy
precipitation and blocks, for example, are blocks primar-
ily supported through cross-isentropic PV transport or
upper-level divergent flow (e.g., Grams and
Archambault, 2016; Baumgart et al., 2018; Steinfeld and
Pfahl, 2019) and the important link to discussions of adia-
batic advection mechanisms (Wang and Kuang, 2019)
should be addressed in future studies.
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This study demonstrates a link between heavy precipita-
tion, associated latent heat release and air parcels ending
up in Northern Hemisphere blocks. In total, 19% of the
air parcels in blocks pass over heavy precipitation areas
when saturated and more than half of the strongly
diabatically heated air parcels (>5 K) that end up in
blocks pass over regions with precipitation exceeding the
local 95th all-year percentile. The fraction of heated air
parcels that pass over heavy precipitation shows a strong
seasonal cycle. The fraction is highest in winter (60%)
and lowest in summer (40%). Note that the percentage
values are dependent on the chosen heating and precipi-
tation thresholds. We would expect the fraction to
increase as the heating threshold increases. The fraction
also varies between different geographical regions. The
strongest relation is found for blocks over the Pacific
(52–56%); elsewhere, the relation is weaker (46–48%) and
lowest for the eastern European and Russian blocks.
The main regions where heated air parcels pass
through heavy precipitation are located over the oceans,
that is, the Pacific and the North Atlantic Ocean basins,
and eastern North America in winter and over the Eur-
asian and American continents and the eastern Pacific in
summer. For Scandinavian and North Atlantic blocks,
the main heating regions associated with heavy precipita-
tion are above the North Atlantic. In summer, the
heating regions are located partly over the European con-
tinent; in winter, most air is heated upstream of the
blocks (30 for Atlantic and 60 for Scandinavian
blocks).
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